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Proton charge radius puzzle

2026/04/14 NREC 2026 3



Proton charge radius puzzle
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Proton charge radius puzzle
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Determination of the proton charge
radius with electron scattering
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Electric form factor and proton charge radius

Momentum transfer:
Q2 — _ (P _ P/)2

Il 0202

P, = (M,0) Py = (E4, Pf)

Feynman diagram of the leading-order
of the electron-proton scattering.
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QZ _ 2m2
AEE' — Q?
E. Borie, arXiv: 1207.6651v4
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Cross section:
do\ (do +2Gin(@?)
Q) \dQ)/,
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do\ _ a*(4EE - Q%) P'IP
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G. Miller, Phys. Rev. C 99 (2019), 035202

[Qz as small as possibleD
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Specifications of the
Ultra Low Q?

experiment

4 ) 5
Characteristics of the experiment: Bierizy |[Crevl]) Axe 7] 0* [(GeV/c)]
= Measurement of GE(QQ) for extremely small values of Q*: .
0.0003 (GeV/c)2 < 02 < 0.008 (GeV/c)2 Mainz | 0.18-0.855 | 15-130 0.004-1.0
= Lowest beam energy for electron scattering in the
world: PRad 1.1& 2.2 0.7-7.0 0.0002-0.06
10 MeV < E < 60 MeV
= Polyethylene (CH,) target. ULQ? | 0.01-0.06 0-1 )
= Absolute cross-section measurement. ' ' 307150 0.0003-0.008
N _J
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Absolute cross-section measurement

KSimultaneous detection of e-p and e-C scattering)
= Use of a CH, target.
= Momentum of a scattered electron on a X nucleus:

1+ 2E sin /2>

e-C scattering

E = 50.33 MeV
0 =73

URL ZZ
2
K @)

\ P [MeV/c]
| b o |
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Simultaneous detection of e-p and e-C scattering
with a CH, target (Experimental data).
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Absolute cross-section measurement

N\
K Absolute cross-section of e+p scattering: \

e-C scattering

Event number

( do ) @ E = 50.33 MeV (

Beam dose Target number

Precisely
< do ) N,_,/N,_¢ @ calculable
9@/, NS\,
Ratio of H and e-p scattering
\ C nuclei J e
e I Lo
Required for precise 47 =
measurement! Simultaneous detection of e-p and e-C scattering

with a CH, target (Experimental data).
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The ULQ? experiment
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Research center for Accelerator and Radiolsotope Science (RARIiS)
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Beam line

/ ULQ? accelerator: \ LV

e Energy: E =10- 60 MeV
 Energy spread: o;/E ~ 0.1%

- Position spread: o,, 6, ~ 1 mm
 Intensity: I <1 uA

e Pulse duration: Af ~ 3 us ey N -

e Pulse frequency: f = 1-300 Hz T e N I

K / = IO\ | *‘%2 -\ *' 9"_//’,74’
N L _;' WALV R
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1145 mm

Spectrometers

2

Focal plane

Very precise design

of the polar pieces

2026/04/14

950 mm

Spectrometer 1 = Data taking
Spectrometer 2 —— Target monitor

f Measurement in the focal plane: \

1 ULQ? experiment uses very low energy electrons.
1

m) Strong multiple scattering: <9MS> X =
= Impossible to determine the path of the electrons.

A Single measurement of the electron position in the
focal plane.

A Connected to the target chamber and under vacuum

K(< 1 mPa). J
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Spectrometers

/
x— P f Measurement in the focal plane: \

A Electrons focused in the focal plane depending on
== | hSe—— Focal plane their momentum p and horizontal scattering angle 6.

4 (P’, 0) determined from the (x, y) position of the
electrons on the detectors placed in the focal plane.

=
=
= d To resolve e-p and e-C scattering peaks at
= 0? = 0.0003 (GeV/c)?,
AP
Momentum resolution: ¢, = — <1073

Initial conditions: (P, 0)

950 mm
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Vacuum
window

4 Single Sided Silicon Strip Detectors (SSSDs): )

Developed with the J-PARC muon g-2/EDM collaboration.

2 detectors each made of 2 x 512 channels on each spectrometer.
Located in the focal plane of the spectrometers.

Channel width: 0.19 mm, thickness: 0.32 mm.

o J
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Detection system

"~ CH, (e,e") e-C

E =50 MeV
0 = 8q°

l \IH‘

T

€p

10*
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Sp eCtrometeI' Optics Momentum dispersion Angular dispersion

Spectrometer . Relation between (x,. v,) and (P, 0): R
central angle Data taken with a sieve slit
10
S . P-F
I with 6 = —=<—Spectrometer central
N \_ x B, momentum y
| | »
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SpeCtrometer Optics Momentum dispersion Angular dispersion

Spectrometer & Relation between (x,. v,) and (P, 0): R
central angle Data taken with a sieve slit
F e b T R o e e L R e b e Ol S L . .xd — coc
40 j 10 V= 0+ ..
: E 0 P — c
] with 6 = —=—Spectrometer central
20 & i L o BC momentum
: ' . MeasuredI before each experiment
& - ( ™
0 = 7 o . .
# ] Commigsioning results:
: - 7 (x;]6) = 864(0.1) mm
20 - (y;| Af) = 1.000(4) mm/mrad
i 0.1
* _4p 4
: : P
= O e
4o X, lmm] g )
et e N e e R T RIS R e R T . .
-40 -20 0 20 40 > - High resolution spectrometers!
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Q? determination

d  From x,, we get 6 but not directly P’ ...

[ The beam energy derived from the current of
upstream magnets is not precise enough ...

d Toget Eand P/, use of C and H peaks:

1*” order P)/(_
C
Xy ~ (4] 5)T

UL E
X‘ 14 2ES]i‘I41X9/22
o l Y
—/C 1+ @m 0/12%( — : )
H MC
\L 4

l

Determination of the beam energy
directly from the experimental data!

» Precise determination of O?!
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Data taking
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Measurement

SSSDs
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Measurement

BG1 (CH,, B

max)

Target holder

i
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E = 50.33 MeV

- CHZ’ Bmeas (FG) H = o
- CH,,B,,. (BG1) sp=73

Measurement
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Measurement

SSSDs
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Data analysis
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Simulation

P. Banerjee et al., SciPost Phys. 9, 027 (2020).

d McMule for e-H & e-C calculation of LO, NLO & NNLO!

2026/04/14

_ Generated yield
T

ot - ESEPP (LO + NLO)

= - McMule (LO + NLO)
10° =
10°

: | ‘ | | ‘ | | ‘ | | | | | E\, [M?V\]

45 46 47 48 49 50
NREC 2026
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Simulation

P. Banerjee et al., SciPost Phys. 9, 027 (2020).

d McMule for e-H & e-C calculation of LO, NLO & NNLOI

| - LO . Generated yield

. - LO + NLO -
- + NLO +NNL -
_ LO T NLO SNNTO Add beam -
LT momentum o+
T E =50.33 MeV distribution | -
3 Z Osp = 73° -
5 e-C ﬁ -
~ 100'E 103;
3 Geant4 -
simulation -

101 4
: 1025—

45 4I(j 4I7 4I8 4I9 5I() _l:_|||||||||f||\|\\f\‘\\\\‘\\\\‘\\\\‘\\\X\[mlw-nl]\\|\||
Pros (MeVA) 40 30 20 10 0 10 20 30 40
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Simulation
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Simulation

Integration regions

/
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Peak yield ratio

Analysis
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do . Ne—p/Ne—C

dQ

do

N,/N¢

H/C evolution study with SP2:

Polynomial 2 fitting

227 ndf 58.69/ 19
p0 0.0616 + 0.0001199
p1 ~0.001267 + 0.0001035

p2 5.101e-05 + 1.891e-05

o
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Integrated beam current [mC]

—

NREC 2026

H/C nuclear ratio
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Peak yield ratio
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Analysis
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Correction of the H/C evolution on SP1:
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Target-corrected peak yield ratio
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Coulomb distortion

A Different corrections for e-p & e-C

do do (1 + 5Fesh)Gl2?(Q2) + (1 + 5Tamae)%GZ%/I(Q2)
(@) - (&),

dQ (1+7)
za sin ﬁ(l — sin ﬁ) o Sin ﬁ(z + sin ﬁ)

ith &, = 2 2 and 5, = 2 2

wi Fesh 0 Tamae 0

cos* = 1 + sin® =
dO' . dG (1 + Z 5 2(Q2) T. Tamae, Phys. Rev. C 102 (2020), 022502

" \dQ -~ \dQ c
— OCalculated by DREPHA
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Coulomb distortion

J Different corrections for e-H & e-C

d s [ e
O 5 - e
— = |
’ 5
i), "5 | B
’ 0
n 3)
wit ,
102 —
do- § )22502
Q) .
~ |---- Feshbach - Tamae
. |— 10MeV — 20MeV
— 30MeV — 40MeV
50MeV — 60MeV I I I
| T T T T T T T T T T T T I I | | ! [ | | | | |
20 40 60 80 100 120 140 180

0 [degrees]
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Conclusion

1 Cross-section measurement:
- 17 points with 3 X 10_4 S Q2 S 8 X 10_3 (GeV/c)2 2023/05: 50 MeV

2023/09: 42 MeV

= Completed throughout 2023 & 2024 (~9 weeks) 2023/10: 50 MeV  2024/04: 60 MeV
2023/10: 21 MeV 2024/10: 60 MeV
2 2
o) 0.0006 0.0012 0.0018 0.0026 Q [(GGV/C) ]
[ | [ | [ | [ | [ | [ | [ | [ | [ | [ | [ | [ | [ | [ | [ | >
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
0.0003 0.0009 0.0016 0.0028 0.0038 0.0043 0.005 0.006 0.007 0.008

d Data analysis almost complete!

= Results coming very soon!
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